We investigate single-particle properties of a mass-imbalanced Fermi gas in the BCS (BardeenCooper-Schrieffer)-BEC (Bose-Einstein condensation) crossover region. In the presence of mass imbalance, we point out that the ordinary T -matrix approximation, which has been extensively used to clarify various BCS-BEC crossover physics in the mass-balanced case, unphysically gives a double-valued solution in terms of the superfluid phase transition temperature T c in the crossover region. To overcome this serious problem, we include higher order strong-coupling corrections beyond the T -matrix level. Using this extended T -matrix theory, we calculate single-particle exci- 
I. INTRODUCTION
Since the achievement of the superfluid phase transition in 40 in this field, such as a p-wave superfluid [5] [6] [7] [8] [9] [10] [11] [12] [13] , the Sarma phase [14] [15] [16] [17] , a dipolar Fermi condensate [18] [19] [20] [21] [22] , and a mass-imbalanced Fermi superfluid [23] [24] [25] [26] [27] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] . Although none of these states has been observed yet, the high tunability of cold Fermi gases makes us expect that some of them may be realized in the near future. Once an unconventional pairing state is obtained, one can study its superfluid properties in a wide parameter region, by adjusting various tunable parameters, such as the strength of a pairing interaction [42] . Since an ultracold Fermi gas is expected as a useful quantum simulator for the study of strongly correlated fermion systems, an unconventional superfluid Fermi gas would also contribute to the further development of superfluid physics.
Among various possibilities discussed in ultracold Fermi gases, in this paper, we pick up a hetero-pairing state in the presence of mass imbalance [23-30, 33, 34, 36-41] . In this state, Cooper pairs are formed between different species with different masses, which is quite different from the ordinary homo-Cooper pairs in metallic superconductivity. This unique pairing state is expected to realize the Sarma phase [39] , where single-particle excitations are gapless in spite of a nodeless s-wave superfluid order parameter [14, 15, 17] . In addition, hetero-Cooper pairs have also been discussed in various fields, such as an exciton condensate in a semiconductor [43, 44] , exciton-polariton condensate in a semiconductor microcavity [45] [46] [47] [48] , as well as color superconductivity in a dense quark matter [49, 50] . Thus, the massimbalanced superfluid Fermi gas is related to various aspects of Fermi superfluid physics.
At present, gas mixtures of two different fermionic species [23] [24] [25] [26] [27] [28] [29] , as well as 40 K-6 Li heteropairs [25, 28] , have been realized.
In the current stage of research for a mass-imbalanced Fermi gas, the achievement of the superfluid phase transition is one of the most important issues. For this purpose, the so-called pseudogap phenomenon (which has been extensively discussed in the BCS-BEC crossover regime of a mass-balanced Fermi gas [51] [52] [53] [54] [55] [56] [57] [58] ) would be useful, because this precursor phenomenon of the superfluid instability enables to see to what extent the system is close to the superfluid phase transition. Thus, in this paper, we examine single-particle excitations in the BCS-BEC crossover regime of a mass-imbalanced Fermi gas, to clarify 
pseudogap physics in this system.
Here, we point out some keys in considering a mass-imbalanced Fermi gas. In the case of a non-interacting gas mixture of N/2 light fermions (with mass m L ) and N/2 heavy fermions (with mass m H ), both the components have the same Fermi surface size at T = 0, as schematically shown in Fig. 1 (where N is the total particle number). Then, since a
Cooper pair is usually formed between a light fermion (σ = L) at the momentum p and a heavy fermion (σ = H) at −p near the Fermi surface (in the weak-coupling case), the mass imbalance is not so serious for the pair formation. On the other hand, at finite temperatures, the chemical potential µ σ in the σ-component behaves as [59] 
where 
are different between the two components, which is similar to an electron gas under an external magnetic field, as well as a spin-imbalanced Fermi gas. In that sense, the temperature T works like an effective magnetic field in the presence of mass imbalance. In addition, since the Fermi degeneracy of each component is dominated by the scaled temperature T /T σ F , the heavy fermions become closer to the classical regime than the light mass component.
Thus, the pseudogap associated with strong pairing fluctuations are expected to be more remarkable in the light mass component for a given temperature, although both the components equally contribute to the formation of preformed pairs, which is the origin of the pseudogap in the present system.
The similarity between a mass-imbalanced Fermi gas and a spin-imbalanced Fermi gas at finite temperatures also implies that theoretical studies of the former system also meet the same problem as that known in the latter [60] [61] [62] . That is, in a spin-imbalanced Fermi gas, the Gaussian fluctuation theory developed by Nozières and Schmitt-Rink [63] [64] [65] , as well as the (non-self-consistent) T -matrix approximation [66] , that have been extensively used to successfully explain various BCS-BEC crossover physics in the absence of spin imbalance, breakdown [60] [61] [62] . Indeed, we later show that a mass-imbalanced Fermi gas also has the same problem. In the spin-imbalanced case, Ref. [62] has recently presented a minimal extension of the T -matrix approximation to overcome this problem, by properly including higher order fluctuations beyond the T -matrix level. The calculated spin susceptibility in this extended T -matrix theory agrees well with the recent experiment on a 6 Li Fermi gas [62] .
In this paper, we also employ this strategy, to assess the validity of the extended T -matrix approximation in the mass-imbalanced case.
This paper is organized as follows. In Sec.II, we explain our extended T -matrix approximation (ETMA) for a two-component Fermi gas with mass imbalance. In Sec.III, we evaluate the superfluid phase transition temperature T c in the BCS-BEC crossover region, to see how the ETMA gives improved results compared with the ordinary T -matrix approximation. In Sec.IV, we calculate single-particle excitations in the normal state above T c , to clarify effects of mass imbalance on the pseudogap phenomenon. Throughout this paper, we set = k B = 1, and the system volume V is taken to be unity. 
II. EXTENDED T -MATRIX THEORY OF A MASS-IMBALANCED FERMI GAS
We consider a two-component uniform Fermi gas with mass imbalance, described by the Hamiltonian,
Here, c pσ is an annihilation operator of a Fermi atom with the kinetic energy (< 0) is a pairing interaction, which is assumed to be tunable by a Feshbach resonance [42] .
We actually measure the interaction strength in terms of the s-wave scattering length a s , given by 4πa
where
is twice the reduced mass. In this scale, the weak-coupling BCS regime and the strong-coupling BEC regime are characterized by (k F a s )
is the Fermi momentum of a twocomponent gas of N Fermi atoms (where N is the total number of Fermi atoms). The
Strong-coupling corrections to single-particle excitations are conveniently described by the self-energy Σ σ (p, iω n ) in the single-particle thermal Green's function,
where ω n is the fermion Matsubara frequency. In the extended T -matrix approximation (ETMA) [62] , the self-energy is diagrammatically described as Fig. 2 , which gives
where ν n is the boson Matsubara frequency. In Eq. 
is the lowest-order pair correlation function. In Eq.
is the bare Green's function describing a free Fermi gas.
The ordinary (non-self-consistent) T -matrix approximation (TMA) is obtained by simply (6) with the bare one The superfluid phase transition temperature T c is determined from the Thouless criterion [67] , stating that the superfluid instability occurs when the particle-particle scattering matrix Γ(q, iν n ) has a pole at q = ν n = 0. The resulting equation for T c is given
is the number of Fermi atoms in the σ-component. For a given interaction strength, we self-consistently determine T c , µ L , and µ H from the coupled equations (9) and (10).
Once T c is determined, the chemical potentials µ L and µ H above T c are simply determined from the number equation (10) . Then, the single-particle spectral weight A σ (p, ω), as well as the density of states ρ σ (ω), in the normal state are evaluated from the analytic continued
Green's function as [68] ,
where δ is an infinitesimally small positive number.
III. SUPERFLUID PHASE TRANSITION TEMPERATURE AND EFFECTS OF MASS IMBALANCE
Figures 3(a1) and (a2) show the ETMA solutions of the coupled equations (9) and (10) when m L /m H = 0.9. As in the mass-balanced case, T c gradually deviates from the mean-field result (T MF ) with increasing the interaction strength. In the BEC regime, T c approaches a constant value, which is well described by the BEC phase transition temperature (T BEC ) of a Bose gas of N B = N/2 molecules with mass M = m L + m H , given by
The Fermi chemical potential µ σ also exhibits the typical BCS-BEC crossover behavior, as shown in Fig. 3(a2) . Starting from the weak-coupling regime, one sees that µ σ gradually decreases to be negative, as one passes through the BCS-BEC crossover region. In the BEC regime, |µ L +µ H | approaches the binding energy of a two-body bound state, E bind = 1/(ma 2 s ), as expected (where the effective mass m is defined below Eq. (4)).
In contrast, the ordinary T -matrix approximation (TMA) does not give the expected smooth BCS-BEC crossover in the presence of mass imbalance. In Figs. 3(b1) and (b2), we find that, although the ratio m L /m H = 0.9 of the mass imbalance does not so deviate from unity in this figure, the TMA unphysically gives double-valued solutions around the unitarity limit. We briefly note that a similar unphysical result is also obtained in the Gaussian fluctuation theory [63] (although we do not explicitly show the results here).
In a sense, the breakdown of the TMA shown in Fig. 3(b1) and (b2) has been already expected from the similarity between the mass-imbalanced system and the spin-imbalanced one. As another viewpoint, however, we point out that the TMA involves an internal inconsistency in the presence of mass imbalance. To see this in a simple manner, we replace the particle-particle scattering matrix Γ(q, iν n ) in Eq. (7) by the bare interaction −U . In this case, the ETMA self-energy (Σ (15) is used in the number equation (10) . We set m L /m H = 0.9 and T = 0.
as, respectively
The ETMA self-energy in Eq. (14) reasonably describes the situation that a fermion in the σ-component interacts with N/2 fermions in the −σ-component. However, in the TMA case in Eq. (15) , N 0 −σ (which is evaluated by the bare Green's function) is usually different from N/2. Then, for example, in the extreme case with (10), we obtain a singular behaviors of µ L and µ H around µ H = 0, as shown in Fig. 4 , which is somehow similar to the singularity seen in Fig. 3(b2) . 
we find that T BEC monotonically decreases to only vanish in the limit m L /m H → 0.
On the other hand, Fig. 5(a) shows that T c vanishes at a finite value of m L /m H (> 0) in the BCS regime. Rewriting the kinetic energies ξ pL , ξ pH in the forms
(where µ = [µ L + µ H ]/2), one finds that the system is similar to that under an effective magnetic field, given by
Equation (19) is usually finite when m L = m H , except for a free Fermi gas at T = 0. Then, the mismatch of the Fermi surfaces between the two components occurs, leading to the vanishing T c in the BCS regime.
However, in quantitatively evaluating this pairing-breaking effect, one should note that the ETMA uses the bare Green's function G 0 σ (p, iω n ) in the particle-particle scattering matrix Γ(q, iν n ) in Eq. (7). As a result, although the ETMA number equation (10) includes many-body corrections through the self-energy Σ σ (p, iω n ), the T c -equation (9) is still at the mean-field level.
A problem coming from this inconsistency is that the above mentioned mismatch of the 
wherek Fσ = √ 2m σ µ σ . In obtaining the last expression, we have assumed a small self- mean-field number equation,
is consistent, because both the equations use the bare Green's function G 0 σ (p, iω n ). In this theory, we always obtain a finite T c irrespective of the value of m L /m H , as shown in Fig. 5(b) . Although the mean-field theory cannot describe the BCS-BEC crossover behavior of T c , it would be valid for the weak-coupling regime, so that this result also implies the overestimation of the effective magnetic field effect in the ETMA. To improve this point, it would be effective to employ the self-consistent T -matrix theory [70] , where the dressed Green's functions are also used in the T c -equation. We will discuss this in our future paper [71] . In this paper, we examine single-particle properties of a mass-imbalanced Fermi gas within the framework of the ETMA. Figure 6 shows the single-particle density of states ρ σ (ω) in the BCS-BEC crossover regime of a mass-imbalanced Fermi gas at T c . In the BCS side at (k F a s ) −1 = −0.5, one sees dip structures in both the light and heavy mass components. Since the superfluid order parameter vanishes at T c , these are pseudogaps originating from pairing fluctuations.
IV. SINGLE-PARTICLE EXCITATIONS IN A MASS-IMBALANCED FERMI GAS
The pseudogap structures become more remarkable for a stronger pairing interaction. In This similarity at T c is also seen in the single-particle spectral weight A σ (p, ω). In the mass-balanced case shown in Figs. 8(a1)-(a3), the spectral peak line gradually deviates from the free particle dispersion with increasing the interaction strength (panels (a1) and (a2)). In the unitarity limit (panel (a2)), the spectral peak around ω = 0 is affected by the pseudogap effect [53] [54] [55] . In the BEC regime (panel (a3)), the spectral weight exhibits a double peak structure, which just corresponds to the gap in Fig. 7 at this interaction strength. These typical pseudogap behaviors in the BCS-BEC crossover region [51] [52] [53] [54] [55] [56] [57] [58] Thus, as far as we treat the dressed Green's function G σ in Eq. (5), the Fermi surface mismatch is almost absent even in the unitarity limit at T c . On the other hand, evaluating
As mentioned previously, this Fermi surface mismatch in the bare Green's function G 0 σ directly affects the ETMA T c -equation (9), leading to the suppression of T c . When the dressed Green's function G σ is also used in the T c -equation, such a depairing effect would be much weaker.
In the ordinary T -matrix approximation, it has been shown that the pseudogap effect can be understood as a particle-hole coupling effect induced by pairing fluctuations [53] . To see how this picture is obtained in the present ETMA, it is convenient to approximate the self-energy Σ σ (p, iω n ) in Eq. (6) to
Here, ∆ 2 pg ≡ −T q,νn Γ(q, iν n ) is the so-called pseudogap parameter [51, 53] . In Eq. (24), we have used the fact that pairing fluctuations described by Γ(q, iν n ) are enhanced in the low momentum and low energy region near T c . Equation (24) gives
where we have introduced the ETMA pseudogap parameter,
Substituting Eq. (25) into Eq. (5), we obtain the BCS-type Green's function,
which just exhibits the expected coupling between the particle branch (ω = ξ p,σ ) and the hole branch (ω = −ξ p,−σ ) by the ETMA pseudogap parameter∆ 2 pgσ (iω n ). We briefly note that Eq. (27) is reduced to the previous result in the T -matrix approximation [53] , when one retains the term to O(∆ 
and that of the heavy mass component has no effective Fermi momentumk F,H (because 
9k F in panels (a1) and (b1), respectively (dashed lines). In obtaining the lower panels, we have taken ∆ pg = 0.7ε F , and µ σ =k 2 F,σ /(2m σ ) so that the particle-hole coupling can occur at p = 0.9k F .
µ H = −0.07ε F < 0). Thus, when we use the ETMA results for µ σ in Eq. (27), the particlehole coupling at p 0.9k F seen in the upper panels in Fig. 9 is not reproduced. However, we briefly note that, when µ L and µ H in Eq. (27) are treated as fitting parameters, and they are chosen so that the single-particle dispersions ω = ξ pσ (σ = L, H) can cross the zero-energy line at p 0.9k F , the resulting spectral weight agrees well with the ETMA result when an appropriate value of the pseudogap parameter ∆ pg is taken, as shown in Figs.9(a2) and (b2).
Now we consider the region above T c . Figure 10 shows the single-particle density of states ρ σ (ω) in the normal state. When we define the pseudogap temperature T * σ as the temperature at which the pseudogap (dip) structure disappears in ρ σ (ω), this figure indicates that T * L > T * H ∼ 1.2T c . Thus, the pseudogap only appears in ρ L (ω) in the temperature region, two components in an ordinary mass-balanced Fermi gas, this is a characteristic phenomenon in the presence of mass imbalance.
Such a component-dependent pseudogap phenomenon is also obtained, when one adjusts the ratio m L /m H at a fixed temperature. In Fig. 11 , while the pseudogap structure in ρ L (ω) remains even at m L /m H = 0.2 (panel (a)), the dip structure no longer exists in ρ H (ω) at this ratio of mass imbalance (panel (b)). In this case, although the temperature is fixed, since T c is lowered by mass imbalance (See Fig. 5(a) .), we again obtain a larger scaled temperature As expected, Fig. 12 shows that the component-dependent pseudogap phenomena also appears in the particle-hole coupling effect in A σ (p, ω). In the light mass component shown 
In Fig. 13 , we clearly see that the broadening of the Fermi edge at p = k F by thermal fluctuations are more remarkable in the heavy mass component, compared with the light mass component, which is simply due to the fact of T /T
In addition, we also find that n pH is more sensitive to the temperature than n pL , because of the same reason. Figure 14(a1) shows the spectral weight A L (p, ω) as a function of energy ω. In the low momentum region (p < k F ), since the occupation number n pL of light fermions is close to unity (See panel (a2) .), the so-called Pauli blocking works to some extent there, which suppresses particle scatterings in this regime. As a result, the spectral peak in the low momentum region is sharp. (See the results at p = 0 and 0.5k F in panel (a1).) On the other hand, scatterings of a light fermion frequently occur near the Fermi surface (p ∼ k F ), a broad spectral peak is obtained at p = k F in Fig. 14(a1) . In contrast, the Fermi degeneracy in the region p < ∼ k F is almost lifted in the heavy mass component, as shown in Fig. 14(b2) . In addition, the momentum dependence of n pH shown in panel (b2) is weak, compared with the case of light mass component shown in panel (a2).
Thus, while the heavy fermions in the low momentum region can be easily scattered, the momentum dependence of scattering effects is weak. As a result, the width of the spectral peak shown in Fig. 14(b1) is insensitive to the momentum p in the region 0 ≤ p < ∼ k F , and the peak width at p = 0 is broader than the case of light mass component shown in panel (a1).
V. SUMMARY
To summarize, we have discussed single-particle properties of a mass-imbalanced Fermi gas in the BCS-BEC crossover region. The ordinary (non-self-consistent) T -matrix approxi-mation, which is known to be a powerful strong-coupling theory to study various BCS-BEC crossover physics in the mass-balanced case, does not work in the presence of mass imbalance. We overcame this serious problem, by employing the extended T -matrix theory (ETMA) developed in the case of a spin-imbalanced Fermi gas. Using this, we determined the phase diagram of a Fermi gas in terms of the strength of a pairing interaction, as well as the ratio of mass imbalance.
Within the framework of the ETMA, we calculated the single-particle density of states ρ σ (ω), as well as the spectral weight A σ (p, ω), to see how the pseudogap phenomenon in the BCS-BEC crossover region is affected by the presence of mass imbalance. At T c , the pseudogap appears in these quantities in both the light mass component and heavy mass component, which becomes more remarkable with the increase in the interaction strength.
In this sense, the pseudogap phenomena in the presence of mass imbalance is very similar to the ordinary mass-balanced case.
Effects of mass imbalance on the pseudogap phenomenon become remarkable, as one raises the temperature from T c . Since the Fermi temperature T because of the lower scaled temperature, the momentum dependence of the peak width in the single-particle spectral weight A σ (p, ω) is more remarkable in this component. That is, while a sharp spectral peak is obtained deep inside the Fermi level (because of the suppression of particle scatterings by the Pauli's exclusion principle), the spectral peak becomes broad near the Fermi surface (where particle scatterings can frequently occur). In contrast, since the heavy mass component is closer to the classical regime because of the higher scaled temperature, T /T H F > T /T L F , particle scatterings deep inside the Fermi surface are not so suppressed as in the case of light fermions. As a result, the peak width of the spectral weight in the heavy mass component becomes broad even around p = 0, compared with that in the light mass component. In addition, the momentum dependence of the peak width in the heavy mass component becomes weaker. Since these different pseudogap phenomena between the two components never occur in the absence of mass imbalance, the observation of these component-dependent pseudogap phenomena by the photoemission-type experiment [57, 58] would be an interesting challenge.
We note that, although the extended T -matrix approximation (ETMA) can overcome the problem existing in the ordinary T -matrix approximation, it still has room for improvement.
In particular, the ETMA is not a fully self-consistent approximation in the sense that the particle-particle scattering matrix uses the bare Green's function. This inconsistent treatment is considered to overestimate the pair-breaking effect associated with mass imbalance, especially in the weak-coupling BCS regime. Thus, although the present ETMA gives the vanishing T c in the BCS regime when m L /m H 1, we need further analyses on this regime beyond the ETMA. In this regard, an extension of the self-consistent T -matrix theory to a mass-imbalanced Fermi gas would be useful. We will discuss this extension in our future paper [71] .
In this paper, we have simply treated a uniform system, ignoring effects of a harmonic trap. Since different species may feel different trap potentials, when we include effects of a harmonic trap, we need to consider the situation that the two components exhibit different density profile, leading to spatially dependent population imbalance. Thus, to examine a real trapped mass-imbalanced Fermi gas, inclusion of both the mass imbalance and spin imbalance would be important, which is also an exciting future problem.
So far, only the simplest isotropic s-wave superfluid state has been realized in ultracold
Fermi gases. Although the study of this system is a crucial issue for the understanding of BCS-BEC crossover physics, the search for a more complicated pairing state would be also an important challenge for the further development of this research field. In addition, Fermi superfluids consisting of different species have recently discussed in various research fields, such as excitons in semiconductor physics, exciton-polaritons in semiconductor optics, and color superconductivity in high-energy physics. Thus, the realization of a mass-imbalanced superfluid Fermi gas would contribute to the study of these systems. Since the pseudogap phenomenon is a precursor of the superfluid instability, the observation of this would be helpful to see to what extent the system is close to the superfluid phase transition temperature. Thus, our results would be useful for, not only the understanding of a Fermi superfluid in the presence of mass imbalance, but also the realization of this hetero-pairing state.
